Abstract. -The use of photoemission to determine the electronic structure of solids is discussed. The three-step model of photoemission is outlined. Results from crystalline and amorphous Ge are used to illustrate a successful use of photoemission to determine electronic structure. Data from Si is used to illustrate the use of photoemission to investigate surface states and surface reactions. Finally, results from Ni and other materials are discussed to illustrate the minority of cases where difficulty remains in interpreting photoemission in terms of existing models.
1. Introduction. - Pioneering work in the use of UV photoemission as a spectroscopic tool was performed by Apker, Taft, Philipp and Dickey [I] in the 1950s. However, it was only in the 1960s that this technique began to be fi~lly developed [2] , [33. Essential to this was the simple three-step model of photoemission developed by Spicer [4] , and Spicer and Berglund [3] . This model allows the optical excitation, electron transport through the solid, and escape across the surface to be treated separately. Using this approximation, a very complex phenomena is made tractable and it has proven possible for experimentalists to gain electronic structure and other information directly from their experiments. As will be emphasized later, the approximate nature of this model should always be kept in mind.
An important improvement in experinnental techniques in the sixties res~llted fro117 the widespread availability of vacuum monochrornators, allowing measurements to be made at photon energies much higher than the photoemission threshold. This is important in order to examine a larger range of band structure and in order to minimize difficulties due to the rapidly changing escape probability which occurs at the threshold ot response.
Another key development was the arrival of vastly improved vacuum technology which made vacuum below lo-' torr, and as low as 10-l' or lo-'' torr relatively easily available. The development of metal vacuum stations have also increased the ease with which complex operations, such as cleaving, can be performed. In signal handling an important deve-(*) Work supported in part by the US A~.niy Research Office-Durham and by the National Science Foundation. lopment was the application of AC techniques and phase sensitive detection to the photoemission experiment [5] , 161. The use of higher derivatives [7] provided a useful extension of this technique. A review has recently been written of experimental techniques for UV photoemission 171.
Normally in pllotoen~ission spectroscopy, PS, the objective is to determine the distribution in energy of the electrons excited by monochromatic radiation, t](E, /I\'), and from this to deduce information about the electronic structure of the solid. Since it provides information on the optical transition probability to final states at specific energies, PS differs in a critical way from optical or X-ray techniques which, in essence, measure the total transition probability to all possible final states due to absorption of a photon of energy liv P(hv) = q(E, hv) d E .
i
Here II(E, l i~) is more exactly defined as the probability of a transiticn to a final state between E and E + d E due to absorption of a photon of energy 11v.
q(E, 1118) is closely related to the external photoemission energy distribution curves (EDCs) determined experimentally.
tl (E, 1111) is illustrated by figure 1. The critical point is that it is the transition probability to a final state at a given energy E ; whereas, P(lrv) is the integral over all of the possible transitions. Clearly, much detailed information is lost in going from q(E, /iv) to P(l11,) [8] , [9] .
To illustrate this more clearly, let us examine figure 2 which compares a plot of the optical constant -The essence of the use of photoemission to study the electronic structure of solids is determining P(k11, E), the probability of a photon of energy lrv exciting an electron to a final state at energy E. In contrast, it is the integral of P(E, 11v) over all final states which is related of the optical parameters such as ~2 .
[lo] E , VS. /I\) for Ge with photoeniission EDCs [I I] taken at 7.8 and 8.6 eV. Note that for hv > 6 eV, there is no structure in E , ; however, tlie EDCs for 7.8 and 8.6 eV show strong structure. This structure changes with hv. The EDCs give the distribution of emitted electrons as a function of their energy and thus are closely related to q(E, hv) ; whereas, e, is related to the integral ot the transition probability per unit time over all possible final states and thus to P ( E ) . As one can see because of the integration, very little detailed information on the band structure could be gained for Iir > 6.0 eV ; however, the EDCs are rich in structure.
Earlier we mentioned tlie fact that the electrons are excited inside the solid and must move to the surface before they can escape. We have also mentioned the three step model for photoemission which has been given in detail elsewliere [3] , [4] , [5] , [9] , [I 21, [13] .
Here, we will restrict ourselves to the essence ot the transport and escape phenomena which are necessary to understand the relationship between most EDCs and q(E, hv). It must be realized that the separation of the photoemission event into three processes which are then treated independently is an approximation. As Schaich and Ashcraft [I41 and C. Caroli, D. LedererRozenblatt, B. Roulet and D. Saint-James [15] have indicated, ideally, one would want to treat these as coupled events and, for example, take interference effects due to the surlace into account ; however, this is a very difficult theoretical problem. So difficult that it has not been successfully done for any real solid. On the other hand, tlie three step model allows for relatively easy treatment of the three steps in wliich the physics is not obscure. In going to more sophisticated theoretical models, it is important that new ap~roxiniations not be introduced which are less realistic in specific ~iiaterials than those of the three-step model. One should expect tlie three-step model to become progressively worse as the escape depth becomes shorter. Clearly, the ~iiodel is in trouble if the escape depth is less than atomic spacings.
In figure 3 , we indicate schematically what happens to a component of the energy distribution between the time it is excited and the time it reaches the surface and escapes into vacuum. On the left of the figure, a hypothetical il(E, 11v) has been sketched.
The details of rl(E, hv) depend on the details of tlie Fro. 3. -A schematic diagram illustrating the three step photoernission process. An initial optically excited distribution is shown on the left. Changes in this distribution as it approaches the surface and after it has escaped into vacuum are indicated. electronic structure. For example, the lower limit on q(E, hv) is set by the width of the valence band. As they move towards the surface, electrons lose energy due to inelastic scattering [8] , [9] . Electron-electron (el-el) scattering between the excited electron and the valence electrons, and electron-phonon (el-ph) scattering between the crystal lattice and the electron are the two principle events. Scattering between the electron and lattice defects or impurities is also possible.
In table I, we list the characteristics ot these events. One important difference between the two scattering events is the magnitude of the energy loss. As shown in table I, the loss in lattice scattering is small (order of 0.01-0.05 eV) compared to the excitation energy (Izv) ; whereas, in the electron-electron scattering, the loss may be a good fraction of the excitation energy ; i. e., several electron volts or more.
T o tlie first approximation, the probability, S(E, s ) of scattering after traveling a distance x without scattering can be defined in terms of a scattering length PI, P61,
For the phonon event, L ( E ) is relatively independent of energy. However, as figure 4 shows, L(E) is extremely strongly dependent on energy. Note in figure 4 that only for relatively low energies, i. e., E 6 eV, is tlie el-el L(E) large compared with the typical el-ph scattering lengths. Only under these conditions does loss of energy to phonons become of major importance [17] . As soon as the el-el length becomes comparable to the el-ph length, el-el scattering becomes dominant due to tlie large energy loss per event. In this paper, we will concentrate on this case since it is most common. The reader is referred to tlie literature for cases where el-ph scattering dominates [4] , [16] , [17] .
In figure 3 , the low energy peak which appears as the excited electroiis move to the surface is due to such scattering. Because of the large energy loss associated with tlie el-el event. the scattered electrons are often effectively removed from the distribution or else simply provide a monotanic background. This is important because electrons are removed from the EDCs without producing new structure which would confuse the interpretation of the data. As shown in figure 3 , structure due to the excitation probability, q(E, h~) , remains in the EDCs after scattering and a new peak of low energy electrons is produced near tlie low energy cutoff of the EDC in vacuum.
T o s~lmmarize, el-el scattering will remove ele-t L ~o n s from the original distribution. This can cause broadening in structure and changes in the relative intensities Before leaving figure 4 , we should mention that the excitation function itself will in general change as one approaches the surface. Because of the termination of the lattice at the surface, new electronic states may appear and/or the electronic structure associated with the bulk will be gradually changed. This will take place in the last few atomic layers. As one can see from figure 4 , the minimum values of L ( E ) can lie within this range of values. Thus by (( tuning )) L(E) through selection of E, one has the possibility of alternately looking at bulk or surface electronic structure. Conversely, one must be careful as /I\, is varied that changes in N(E, Av) due to surface effects are not attributed to changes in optical matrix ele~nents associated with bulk excitation. The shorter the escape depth, the less meaningful it is to separate the photoemission process into excitation, transport, and escape ; thus, the three step model becomes a progressively poorer approxin~ation as the escape length becomes shorter and approaches atomic or lattice dimensions.
The last step in photoemission is the escape of the electrons across the potential barrier at the surface. The principal effect here is to cut off the low energy portion of the EDCs in such a way that the magnitude of the EDCs increase gradually from their threshold value. This is indicated in figure 3 . Detailed models have been used to calculate the escape function [31, PI, 1121, V31.
2. Studies of germanium. -2.1 ~NTRODUCTION. -A very large number of materials of all types have been studied in the last decade using photoemission. It w o~~l d be quite inappropriate to attempt to review all of this work here. Rather, we will clioose certain examples as illustrations of the exploration of the electronic structure of solids. The principal examples will be from germanium and silicon. These materials have been as thoroughly studied as any others. Work has been done in the X-ray as well as UV spectral range. The band structure of crystalline Ge and Si are among the best known. Interest in these materials is enhanced because they can be formed in an amorphous [I91 as well as a crystalline form. Thus, the effects of long range order on the electronic structure can be studied. Surface states are of interest and these have been observed on Ge [20] ; however, much more detailed data on Si surface states [20] , 1211, [22] is available to the author. Therefore, Si surface state results will be discussed.
. PHOTOEM~SSION A N D THE BAND STRUCTURE OF CRYSTALLINE
Ge. -In the recent photoemission studies of crystalline Ge [l I], [23] , [24] , [25] , there has been strong interaction between band calculations and the experimental studies. From the first, the existing band structures have formed the basis for interpreting the photoemission results, making use of k-conservation ; conversely, as photoemission (as well as optical) experiments gave increasingly accurate locations for band structure parameters, adjustments were made in the band calculations to bring them into better agreement with experiment. We will not attempt to systematically discuss all of the Ge work, rather we will take a few representative examples.
In making connection between EDCs and band structure, one problem is that of locating structure in the EDCs in k space. There is hope that direct nieasurements of this type can be made in the future by measuring the EDCs as a function of direction of emission of the photoelectrons ; however, this difficult technique has not yet fully proven its usefulness experimentally. Thus it is presently necessary to examine the movement of structure in EDCs with hv and by comparison with the effects expected from band calc~~lations [8] , [26] . There is one set of symmetry points which can often be obtained unambiguously directly from the EDCs. This is the set located, in k space, vertically above the valence band maxiniuni (the r points in Ge). Whenever lzv matches the energy difference between the valence band maximum and a higher r point, an increased number of electrons appears near the maximum energy of the EDC [27] . In figure 5 , we present the band structure and density of states of Ge. The object of the work to be presented next was to locate the second conduction band T,,. At the time there was a variation of about 1.0 to 0.5 eV between the location of this peak in various band calculations. curvature of the leading edge first changes. In f i g~~r e 7, we show the full EDCs at 2.9 and 3.0 eV and first derivates of the EDC closely spaced between those values. From these curves, the threshold is placed at 2.92 + 0.05 eV. Careful measurements to locate the r15 point with respect to r25', have been made using modulated optical measurement. These located the room transitions at 2.92 + 0.05 eV [23] and 2.983 + .004 eV, respectively. If the threshold for the latter transition is calculated taking into account line width, the threshold is found to be 2.95 eV. One sees a strong degree of agreement between the location of structure through photoemission and optical techniques.
In figure 6 , EDCs are given [23] at 3.1 eV which show a shoulder at the leading edge of the EDC due to a fully developed transition near T I , . EDCs taken at both room temperature and 80 K are shown. As can be seen, the shoulder becomes more pronounced at the lower temperature. From this data, one can place 3.1 eV as an upper limit of the energy of the r15-r25 transition. To help locate the threshold with more accuracy, a series of EDCs was taken at progressively lower energies and the leading edge examined to find evidence for the first hv at which the r transition occurs. This data is shown in the insert to figure 6. The change in curvature which occurs between hv = 2.9 and 3.0 eV places the threshold between these limits. In order to locate the threshold for the transition with greater accuracy, one can electronically take the first or second derivate of the EDCs between 2.9 and 3.0 eV and look for the point at which the In figure 8 , an example of the interplay between experiment and band structure is given [23] , [31] , [32] . Most of this plot was made before the accurate determination of the r15-r2,' separation had been made. On the abscissa is plotted the r15-r25' energy separation. On the ordinate is the energy separation between the various critical point transitions indicated by the slating lines. This plot gives the changes in these separations produced as the T , 5-r25' separation is varied : i. e., illustrates the effect on other symmetry point separations as r,,-T,,, is varied. As can be seen, fixing r,5-r25 at 3.13 eV also has an effect on the positions of other symmetry points. The general procedure whicli has been followed in band calculation is one by which experimental data on symmetry point location is used to adjust the potential
-. used in the band structure calculations. By these means the calculations have been refined to give increasingly good fits to experimental results. Historically, the first data to which calculations were compared and adjusted was the fundamental, valence to conduction band gap. Next optical data for transitions lying within a few electron volts of the fundamental gap was used [32] . Slowly data have been obtained farther and farther f r o~n the fundamental gap and the calculations adjusted accordingly [3 13, 1331 . As is discussed in more detail in the paper by Eastman, Freeouf and Erbudak [34] , the recent extension of measurement to the lower valence bonds has necessitated further refinements in the potential [31] , 1331. Later in this paper we will briefly review both the recent high energy ultraviolet and the X-ray examinations of Ge.
Next in this section, we will give examples of a series of optical transitions away from f in the low /I\' range. T h e~e are partic~~larly important because of the condnction band information which they furnish. In figure 9 , we show a series of Ge EDCs taken for energies above 3.0 eV where the transition we saw originally at 2.93 eV grows and moves out to the zone face at the 1 , point. In the EDCs one sees the strength within about 1.5 eV of the leading edge build up as 1711 increases until a sharp peak is observed for /I\' = 5.8 eV at a final state energy of 4.1 eV (the zero of energy is taken at the valence band maximum). A peak also occllrs in the optical response or c,) at o r very near this photon energy (see Fig. 2 ). The increase in strength and appearance of the peak is due to the increased number of states available for direct transitions as one moves away from the center of the zone. A peak appears a t the zone boundary since the bands become horizontal at this point. The peak locates the final and initial states for the L , -1 , transitions [I 11. In figure 10 , we show the EDCs for 5.8 < Irr < 9.1 eV. 
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insert). As one increases hv, the initial state moves down from L toward W and, as we see from the EDCs, the final state decreases slightly in energy. The strength of the peak decreases as h v increases to /I\! = 7.4 eV and then increases again to 8.2 eV. This change is due to the initial states (see the figure) and is due to the fact that the number of states available for the transition should be inversely proportional to the slope of the E vs k curve. As can be seen from the band diagram, the intensity should be a maximum near the W and L points and a minimum approximately midway between them.
The most striking feature of the data is the abrupt disappearance of the peak between Iiv = 8.2 and 8.6 eV. This peak disappears because the bottom of the first set of valence bands has been reached. Thus from the data of figure 10, we locate the bottom of the band (W,, 1, min) at -4.5 f 0.3 eV and produce considerable detailed information about tlie bands near the zone face.
It is not apparent from the band diagram why the energy of the peak should decrease slightly as hv goes from 5.8 to 8.2 eV. Because of this, it is clear that more work should be done on the final band s t r u c t~~r e involved in these transitions. However, if one examines the density of states of figure 5, one sees that the peak in the density of states near L3 occurs slightly below the L, point. Thus the majority of states must occur below L, and off tlie symmetry axes shown in tlie E vs k diagrams.
It is also apparent that a peak in the final density of states is being seen in the photoemission data. Only if this were the case would the peak near a final state energy of 4 eV remain over such a wide photon energy range. Similar structure has been seen in a number of other semiconductors [8] , [27] , [28] , [29] . However, no such clear cut evidence occurs in metals where tlie final state structure is due to d-bands.
We have discussed here only a few of the critical points whose position have been determined through PS. A more complete description of the Ge will be published elsewhere [I 11 . Further details of the analysis of UV data has been given previously [8] .
In table 11, we give a summary of critical points located in this way for Ge [ l l ] and compare them to the results of various band calculations. Several comments can be made about the data in table 11. First, the agreement with the 1973 calculations [25] , [31] , [33] is markedly better than for the 1966 pseudopotential calculation [35] . This is clearly due to the use of more sophisticated potentials in the recent work and to the fitting to more complete experimental data which extends over a wider energy range ; however, it should be noted that the adjusted first principles calculation of Herman et al. [36] of 1967 is markedly better in some regards than the 1966 pseudo-potential calculation, e. g. at L,,, W,, C, (min) and the conduction band points lying above L3.
Recently, Ge has been studied using both X-ray photoemission and higher energy ultraviolet synchrotron radiation. Here we would like to present Ge photoemission data taken at the high photon energies in order to compare the results of these studies with those from the studies using hv < 12 eV just described.
In figure 11 , we reproduced curves from the work of Grobmaii and Eastman [20] . In the upper panel, one has the results of band calculations. One curve gives tlie calculated valence band density of states as well as EDC calculated assuming direct transitions for hv = 25 eV. The effect of scattering has been included in these curves. In the lower panel one has the measured EDC. As can be seen, the measurement Ge results from low energy UPS spectra The valence band of Ge has also been examined by Shirley [37] using X-ray photoemission with 1 486.6 eV pliotons. A curve for crystalline Ge is presented in the upper panel of figure 12 . A curve for amorphous Ge is presented in the lower panel. This will be disc~~ssed later. As can be seen from both figures 11 and 12, using higher energy one examines the complete valence band, not just the upper 5 eV or so examined with h v < 12 eV. However, these experiments do not give the information on the conduction bands obtained with /?v < 12 eV. In fact they appear to give no conduction band information.
In table 111, the critical points found by the various experiments as well as calculated values are shown. It is noted that the XPS values for W,, C, (min) and X, d~ffer from the UPS results and recent band calculations by about an electron volt. It is suggested that this difference is due to the difficulty of precisely determining critical points in XPS where because of the low resolution (0.5-1.5 eV), structure in the density of states is difficult to locate. This makes for special difficulties in the first set of valence bands (E > -4.5 eV) where there are a number of critical points spaced fairly closely, none of which completely dominates the density of states. The difference between There is an interesting disagreement of 0.6 eV between the UPS results for the location L,,. This may be partially due to the fact that L,, does not produce strong structure in the density of states so that it is hard to locate for hv = 25 eV. The same effects that remove the k conserving condition at hv = 25 eV may broaden the EDCs making it more difficult to locate L31.
To summarize, the band structure of Ge has been studied in three photon energy ranges using photoemission. The results obtained in the three different sets of experiments agree reasonably well and are consistant with results from band calculations. The differences found seem to have reasonable explanations. Thus it appears that the three step model works reasonably well for Ge from the visible into the X-ray spectral regions.
2 . 3 AMORPHOUS Ge. -One of the fascinating things about Ge is that it exists in both the crystalline and amorphous phases [19] . In the amorphous phase, it retains the covalent bond ; i. e., the chemical bonding scheme remains unchanged but looses long-range order. Thus, the study of amorphous and crystalline Ge is particularly interesting since it provides a method for separating out to some extent the effects of long-range crystalline order and the effects of local, chemical bonding due to the covalent bond [38] .
For the general purpose of illustrating the use of photoemission to study the electronic structure of solids, the study of amorphous Ge is instructive since it shows the way pliotoe~iiission can be used when there is no prior knowledge of the electronic structure. This is in contrast to the studies of the crystalline material where prior knowledge of the band structure was important in interpreting the photoemission data.
In figure 13 , we compare EDCs from a Ge single crystal and an amorphous film prepared by evaporation [39] . As can be seen, the two sets of data are markedly different. The crystalline data is characterized by a number of pieces of rather sharp structure which move with energy in peculiar ways. This is due to the k-conservation condition and the details of the band structure. In contrast, the data from the amorphous material shows very little structure ; just a single broad peak which moves monatonically to higher energy with increasing photon energy. This behavior suggests that the structure originates from the valence band. To test this hypothesis, the EDCs are plotted in figure 14 against the energy of the state from which they are excited. This is done by simply subtracting the photon energy from the final state energy (Ei = E -11v).
The superposition of the structure on an initial state plot gives strong evidence that it is due to structure in the initial density of states. The behavior of the amorphous EDCs suggests optical transitions which depend primarily on the density of states and conservation of energy. The non-direct model is outlined in table IV. In using the non-direct model to analyze photoemission data, the object is to deconvolute the EDCs to obtain Nc(E) and N,(E), the conduction and valence band optical density of states. Details for this procedure have been given elsewhere [3] , [12] , [39] . Suffice to say here that it is a self consistant procedure which takes into account electron loss due to electron-electron scattering. Thus, the EDCs are related to P(E, hv) and the density of states products.
Non-direct model
(2) Constant Matrix Element Approximation (Limited Izv Range). Figure 15 shows the optical density of states obtained for amorphous Ge using both the photoemission and optical data. It is necessary to use optical data to obtain the lowest one or two eV of the conduction band, since this lies under the vacuum level and cannot be examined by photoemission [39] .
5(E, hv) cc N,(E) N,(E -
Once the optical density of states has been determined, the method of analysis can be used in reverse order and the EDC as well as the optical constant eZ can be calculated and compared to experiment. Since there are a number (15 to 40) of EDCs, the system is strongly over determined and these calculations give a strong test of the analysis. In figure 16 , we present typical EDCs compared to experiment [39] . In figure 15 , the crystalline and amorphous densities of states are shown [38] , [39] . Note that the sharp structure in the crystalline densities of states is gone in the amorphous material. Direct evidence is found in the photoemission data for much of the sharp structure in the crystalline densities of states, for example the peak at L,. (See the previous section.) 
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The amorphous Ge study is an example of how photoemission and optical data can be combined to provide an estimate of the electronic structure of a solid in a case where no theoretical calculations are available. Features of the density of states shown in figure 15 have been confirmed by recent XPS [37] (the valence band) and soft X-ray absorption experiments [40] . A detailed discussion of the reliability of the amorphous density of states has been given elsewhere.
In the lower portion of figure 12 , we present the X-ray results obtained from amorphous Ge by Shirley [37] . The portion above -5 eV is consistant with figure 15 . The lower parts of the valence bands were not seen by the low energy UV experiments and so are of particular interest. Note that the crystalline material has a double peak structure between -11 and -6 eV. The two peaks lose their identity in the amorphous material. Wearie and Thorpe [41] have explained this in terms of the occurrence of odd numbered rings and six membered rings in the amorphous material (the crystalline material contains only six membered rings).
It is interesting to speculate as to the reason for the loss of structure above -5 eV in the conduction and valence bands of amorphous Ge. It is likely that this is due to the loss of the Bragg reflection condition in the amorphous material 1381. The structure in the crystalline material can be thought of as being due to the combined effect of the chemical (covalent) band and the Bragg reflection condition (the latter condition giving rise to the Brillouin zones and Van Hove singularities). In the an~orphous material, the Bragg reflections are gone and the effects of the chemical bonding alone produce the observed density of states.
3. Surface states on crystalline Ge and Si. -As one approaches the surface of a solid, the electron structure must be affected by the termination of the solid. For the covalent semiconductors Si and Ge, it has been rather well established that this termination produces a new set of states associated with the surface. (The (( normal )) band structure may also be modified just at the surface.) These have recently been detected over their f~~l l extent using UPS. Wagner and Spicer [21] and East~nand and Grobman [20] have reported surface states on Si and Eastman and Grobman [20] on Ge and GaAs. Here we will discuss the results for Si which have been obtained from rather detailed studies by Wagner and Spicer [21] .
The principal problem is that of distinguishing the surface states from bulk states. Three tests for this have been used in the work of Wagner and Spicer : 1) The photon energy dependence of position of the structure in EDCs.
2) Sensitivity to surface contamination.
3) Effect of band bending.
In figure 17 , EDCs are given from 1020/cm3 n-type Si cleaved in a vacuum of less than lo-" torr. Two types of structure are seen :
1) that below -1.5 eV which moves in initial energy as hv is varied, and 2) that above -1.5 eV maintains an initial state energy independent of hv. The movement of the first group of structure is, due to k-conservation and the details of the band structure. The observed structure can be understood [22] (just as the case of Ge discussed in the last section) in terms of that band structure. The structure above -2.5 eV cannot be understood in terms of the bulk band structure. Its behavior is consistant with excitation from a fairly narrow (1.5-2.0 eV wide) band of surface states. More detailed discussion is given elsewhere [20] , [2 11, [42] . The states above -2.5 eV were stable for many weeks in pressures less than lo-" torr. However, they disappeared in a period of hours at pressures of about 5 x 10-lo torr. In figure 18 , we indicate the changes produced in the EDC by such exposure. The surface states at the leading edge of the curve have completely disappeared whereas the two bulk peaks are essentially unchanged in intensity. These peaks are shifted slightly because of a change in the pinning of the Fermi level at the surface. The lower edge of the EDCs is completely shifted exposing additional structure. This shift is due to a change in work function produced by the surface contamination. Next, consider the effects of band bending. In figure 19 , we indicate the changes expected in band bending on going from 1020/cm3 n-to S020/cm3 p-type Si. Note that the position of bulk states may be shifted by as much as the band gap energy relative to the Fermi level as the doping is changed from degenerate p to degenerate n. The band bending takes place over approximately 30 A for a doping of 1020/cm3 ; whereas, the escape length appears to be as short as 12 A for excited electrons with energies As can be seen, the bulk structure shifts by 0.7 eV ; whereas the surface states shift by only about 0.2 eV.
INITIAL STATE ENERGY (eV)
As seen from the above, all three tests indicate that the states observed near the leading edge of the EDCs are surface states. In figure 20 , the density of filled states deduced in this work is indicated. The total density corresponds to roughly one surface state per surface atom. of approximately IS eV in this material. (See Fig. 4 for escape depth data on other materials.) If the Further and better controlled studies have been escape depth is shorter than the band bending dis-made on the effect of a foreign gas on the surface tance, the shift in energy of the bulk state seen in states. In these studies, the surface of a freshly cleaved the EDCs will be less than the complete band gap. Si crystal was exposed to controlled amounts of However, the shift in the surface states will be much pure 0, gas. In figure 21 we show EDCs obtained less. It will result from the movement of the Fermi after various exposures. The exposures are given in level through the surface states. terms of Langmuirs, L. A Langmuir is approximately the exposure to produce a monolayer coverage if Figure l 9 gives taken for '020icm3 n-and all arriving gas were to stick to the surface. As can P-type samples and an almost intrin'ic n-tYPe sample. be seen, the surface states disappear as the oxygen exposure increases. They are reduced by about a factor of 100 after lo3 L exposure. The sticking probability on this type of surface is thought to be about therefore this represents roughly a monolayer coverage. Note that tlie overall height of the bulk photoeniission increases with oxygen coverage. This indicates that the escape probability is increasing.
As the oxygen exposure increases, a new peak builds up on the low energy side of the EDC. This is due to photoemission from silicon oxide. In figure 22 we show EDCs from silicon exposed to 6 x 10" L of oxygen and from thermally grown SiO, [43] . As can be seen, there is agreement between the two curves. 4. Ni results. -As is clear from the preceding, the EDCs from Ge and Si can be successfully related to the band structure of these materials using the three-step model and one-electron theory. This is not true for all materials. In figures 23 and 24, we present calculated and measured EDCs for crystalline Ni [44] . The calculations were done using one electron theory. Clearly there is strong disagreement between these curves. There is also difficulty in reconciling EDCs taken at various energies and relating all of this data to tlie calculated band structure [45] , [46] . Thus, one must say that the photoeniission from Ni cannot be presently understood ~~s i i i g the three-step model, band structure results and assuming one electron excitation. Ni is riot the ordy example of this. The alkali [47] , alkaline earth [29] , [48] , and divalent rare earth [49] metals show such short escape depths that the use of the three-step model and relating the observed EDCs to band structure in terms of one electron excitation is to be strongly questioned [29] .
These examples where the three-step model can be q~lestioned are still in a rather small minority. They are mentioned to emphasize the fact that all materials do not behave as nicely as Ge and Si and also to illustrate the need of much more work to understand the processes involved in photoemission.
5. Conclusions. -Germanium and silicon were chosen for this study because sufficient data was available to give a good overview of the use of photoemission to explore the electronic structure of these materials. For crystalline Ge, the three-step model using band structure calculations and assuming one electron excitation with z-conservation appears to work reasonably well over the complete spectral range extending from the visible through the ultraviolet into the X-ray region. Certain questions remain without complete answers. For example, why does k-conservation lose its importance as an optical selection rule at photon energies near 25 eV ? Is this due to a very short escape depth ? If so, is the electron structure seen modified because of the proximity of the surface or is it identical with the bulk band structure ?
In the calculation of EDCs to compare with experiment, it is now customary to introduce only a spread or uncertainty in energy and not in k. An uncertainty in k should also be introduced, particularly in cases where the escape depth becomes very short.
Using the data from Si, it is shown how discrete surface states may be explained and defined using photoemission. It is also seen that the effect of surface contamination can be followed in photoemission and the nature of surface compounds so formed determined.
In the work on an~orphous Ge, an illustration is given of how photoemission can be used as an independent tool when no theoretical information is available on the electronic structure of a material. Again reasonable agreement is obtained between X-ray and ultraviolet photoemission results.
Although the three-step model has been successfully used for many materials, it is pointed out that in certain classes of materials where the escape depth is very short, its use is quite questionable. It is also pointed out that there are cases where reasonable agreement cannot be obtained between photoemission results and one electron band theory. Nickel is given as an example.
